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1
MODULATED ION-INDUCED ATOMIC
LAYER DEPOSITION (MII-ALD)

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. applica-
tion Ser. No. 11/737,118, filed Apr. 18, 2007, which is a
continuation of U.S. patent application Ser. No. 10/900,830,
filed Jul. 28, 2004, now abandoned, which is a divisional of
U.S. patent application Ser. No. 09/854,092, filed May 10,
2001, now U.S. Pat. No. 6,878,402, which claims the benefit
of priority to U.S. Provisional Application Nos. 60/251,795
and 60/254,280 both filed Dec. 6, 2000.

This application is also a continuation-in-part of U.S.
application Ser. No. 11/601,491 filed Nov. 16, 2006, which is
a continuation in part of U.S. Utility application Ser. No.
10/215,711 filed Aug. 8, 2002, now abandoned, which is a
continuation-in-part of U.S. application Ser. No. 10/137,851
filed May 3, 2002, now U.S. Pat. No. 6,569,501, which is a
continuation of U.S. application Ser. No. 09/812,285, filed
Mar. 19, 2001, now U.S. Pat. No. 6,428,859, which claims the
benefit of U.S. Provisional Application No. 60/251,795 filed
Dec. 6, 2000.

This application is also a continuation-in-part of U.S.
application Ser. No. 11/498,949, filed Aug. 2, 2006. All of the
aforementioned applications are incorporated herein by ref-
erence in their entireties.

TECHNICAL FIELD

The present invention relates generally to the field of thin
film deposition methods used in the semiconductor, data stor-
age, flat panel display, as well as allied or other industries.
More particularly, the present invention relates to cyclic
deposition techniques for depositing an elemental film.

BACKGROUND

As device geometries continue to shrink, one of the chal-
lenges facing the semiconductor industry is the deposition of
thin, continuous films for use as copper (Cu) diffusion barri-
ers and as seeds for electroplating. A metallic liner like ruthe-
nium (Ru), tantalum (Ta) or cobalt (Co) is needed over a
barrier layer, for example, tantalum nitride (TaN), to improve
adhesion and electromigration. Another area of need is the
copper seed. While atomic layer deposition (ALD) of metal
(carbon) nitride layers is well advanced, there are several
challenges to growing elemental metallic layers by ALD or
chemical vapor deposition (CVD). Some of the problems
with growing thin, metal films by CVD or pulsed layer depo-
sition include the incorporation of impurities from the organic
ligands or reactant gas, poor nucleation and growth under
non-oxidizing conditions, poor step coverage, and lack of
continuity.

There are additional problems associated with metal films.
For example, the deposition of Ru is difficult in a reducing
environment; most ALD chemistries require oxygen or
another oxidizing agent. Reducing chemistries have been
used, but they typically either require “exotic” reducing
agents or have large nucleation delays, that is, the delay in
deposition between the time when a substrate is exposedto a
metal precursor and the time when the metal actually begins
to form on the substrate surface.

Other approaches require the intermediate deposition of or
conversion to an oxide or nitride followed by the subsequent
reduction to the elemental state. This type of method results in
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a metal film containing large amounts of contaminants,
namely, oxygen or nitrogen, which increases the resistivity of
the resulting film. Moreover, the ability to reduce a previ-
ously-deposited film is limited to a certain thickness because
the reduction process has a finite, practical, penetration depth.

SUMMARY

In one aspect, the invention features a method for forming
an elemental film on a substrate in a chamber. The method
comprises introducing a reactant gas into the chamber. The
reactant gas forms an adsorbed layer of the reactant gas on the
substrate. At least one ion generating feed gas is introduced
into the chamber, and a plasma is generated from the ion
generating feed gas to form ions. The substrate is exposed to
the ions, and the ions are modulated. The adsorbed reactant
gas reacts with the ions to form the elemental film.

In another aspect, the invention features a method for
depositing an elemental film on a substrate in a chamber
wherein a reactant gas is introduced into the chamber. The
reactant gas forms an adsorbed layer of the reactant gas on the
substrate. Any excess reactant gas is removed from the cham-
ber. At least one ion generating feed gas is introduced into the
chamber, and a plasma is generated from the ion generating
feed gas to form ions. The substrate is exposed to the ions, and
the ions are modulated. The adsorbed reactant gas reacts with
the ions to form the elemental film.

Various implementations of the invention may include one
or more of the following features. Adsorption of the reactant
gas on the substrate occurs via chemisorption. The method is
repeated until the film achieves a desired thickness. The react-
ing step occurs in a reducing environment. The removal of the
reactant gas is achieved by evacuating or purging the cham-
ber. The ion generating feed gas is selected from a group
consisting of argon, krypton, neon, helium, and xenon. The
generated ions are selected from a group consisting of Ar™",
Kr*,Ne*, He*, and Xe™. The modulating step is accomplished
by modulating an ion flux or modulating an ion energy. The
substrate is maintained at a temperature of between about 25°
C. and 400° C. The adsorbed reactant gas is reduced to its
elemental state by an ion-induced surface reaction.

In yet another aspect, the invention is directed to a method
for depositing an elemental film onto a substrate in a chamber.
The method includes introducing a reactant gas into the
chamber. The reactant gas forms an adsorbed layer of the
reactant gas on the substrate. Any excess reactant gas is
removed from the chamber. At least one ion generating feed
gas and at least one radical generating feed gas are introduced
into the chamber. A plasma is generated from the ion gener-
ating feed gas and the radical generating feed gas to form ions
and radicals. The substrate is exposed to the ions and radicals.
The ions are modulated. The adsorbed reactant gas reacts
with the ions and radicals to form the elemental film wherein
the radicals are not incorporated in the film.

Various implementations of the invention may include one
or more of the following features. The substrate is simulta-
neously exposed to the ions and the radicals. The substrate is
exposed to the ions after exposure to the radicals. The sub-
strate is electrically biased to a negative potential relative to
ground. The radical generating feed gas is selected from the
group consisting of H,, N,, and NH; vapor. The generated
radicals are selected from a group consisting of hydrogen
atoms, nitrogen atoms, and NH molecules. The method is
repeated until the film achieves a desired thickness. The reac-
tant gas is removed by evacuating or purging the chamber.
The adsorbed reactant is reduced to its elemental state by an
ion-induced surface reaction.
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In still another aspect, the invention is directed to a method
for forming an elemental film on a substrate. The method
includes introducing a reactant gas into a chamber. The reac-
tant gas forms an adsorbed layer of the reactant gas on the
substrate. At least one ion generating feed gas is introduced
into the chamber. A plasma is generated from the ion gener-
ating feed gas to form ions. The substrate is exposed to the
ions, and the ions are modulated. The adsorbed reactant gas is
reacted with the ions to form the elemental film on the sub-
strate without first having formed any intermediate film on the
substrate.

The invention can include one or more of the following
advantages. It does not require an oxidizing environment. It
does not require the intermediate deposition of or conversion
to an oxide or nitride followed by the subsequent reduction to
the elemental state. Film deposition may occur at signifi-
cantly lower temperatures. The invention provides purer
elemental films with reduced nucleation delay and improved
morphology. This provides the added benefit of higher capital
productivity.

The details of one or more embodiments are set forth in the
accompanying drawings and the description below. Other
features, objects and advantages will be apparent from the
description and drawings, and from the claims.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of a deposition system suitable for
modulated ion-induced atomic layer deposition (MII-ALD).

FIG. 2 depicts a timing sequence for an MII-ALD method
for reducing an adsorbed precursor to an elemental film.

FIG. 3 is a timing sequence for an MII-ALD method for
depositing a Ru metallic liner on a barrier layer.

FIG. 4 is atiming sequence for an MII-ALD method for Cu
seed deposition.

FIG. 5 is another timing sequence for an MII-ALD method
for reducing an adsorbed precursor to an elemental film.

FIG. 6A shows the MII-ALD method utilizing ion flux
modulation to vary the substrate exposure to ions.

FIG. 6B shows the timing of the MII-ALD method utiliz-
ing ion energy modulation to vary the substrate exposure to
ions by varying the substrate bias.

FIGS.7A, 7B, 7C and 7D show methods of modulating the
MII-ALD process.

FIG. 8 is a schematic of another embodiment of a deposi-
tion system suitable for MII-ALD deposition.

DETAILED DESCRIPTION

The present invention employs a cyclic deposition tech-
nique for depositing an elemental film wherein a substrate is
exposed to a precursor dose followed by an ion-induced
reduction of the adsorbed precursor layer to an elemental
film. The invention can use modulated ion-induced atomic
layer deposition (MII-ALD) in a reducing environment. This
permits the deposition of, for example, a Ru on a TaN barrier,
without oxidizing the barrier. The technique is applicable to
elemental film deposition including, for example, Ru, Cu, Co,
Ta, tungsten (W) and palladium (Pd). A second reactant or
process gas used in the technique is not incorporated in the
film, but aids in the sequential reduction in combination with
ions from an inert gas. Specifically, it helps cleave the ligand
from the metal. In some cases, a second process gas is unnec-
essary, as the activation energy provided by ions are sufficient
to induce the reduction of the adsorbed precursor layer. The
energy imparted by the ions mediated by the surface of the
substrate removes the ligands from the adsorbed precursor
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and triggers the formation of a pure, dense, elemental film. In
some embodiments, an additional process gas, for example
ammonia (NH;) for Ru MII-ALD, is used to reduce nucle-
ation delay. The MII-ALD technique enables deposition to
occur at significantly lower temperatures than thermal ALD
and results in purer elemental films.

The present invention allows for the deposition of an
elemental film directly on a substrate without first depositing
an intermediate film on the substrate. For example, to form a
Cu film on a substrate there is no need to first deposit an
intermediate copper oxide film and then reduce that film to
Cu. The present invention provides for film reduction on a per
cycle basis.

FIG. 1 illustrates a deposition system suitable for MII-
ALD. The MII-ALD system described incorporates a means
of' modulating the exposure of the substrate to ions. By modu-
lating (1) the ion flux, (2) the energy of the ions striking the
substrate, or a combination of (1) and (2), the deposition
reaction can be precisely toggled “on” or “off”. If the ion flux
or energy is at a “low” state, then no deposition results or
deposition occurs so slowly that essentially no deposition
results. If the impinging ion flux or energy is at a “high” state,
then deposition occurs. Since a substrate, which may be a
“bare” substrate, for example, a silicon wafer before any films
have been deposited, or a substrate which may already have
had one or more films deposited on its surface, is maintained
atalow substrate temperature, the ions and second reactant (if
present) do not thermally react with the adsorbed layer at any
appreciable rate or do not react at all. Instead, the deposition
reaction only takes place when either the ion flux or ion
energy is toggled to a suitable “high state”. The desired film
thickness is built-up by repeating the ion pulses (either of flux
or energy) the required number of cycles. An MII-ALD sys-
tem and method are described in U.S. Pat. No. 6,416,822,
entitled “Continuous method for depositing a film by modu-
lated ion-induced atomic layer deposition (MII-ALD)”, and
U.S. Pat. No. 6,428,859, entitled “Sequential method for
depositing a film by modulated ion-induced atomic layer
deposition (MII-ALD)”, which are both herein incorporated
by reference.

In the deposition system of FIG. 1, all of the ion/radical
generating feed gases and the precursor gases are introduced
into a main body chamber 190 via a distribution showerhead
171 comprised of a series of arrays or apertures 175. How-
ever, other means for uniformly distributing gases essentially
parallel or perpendicular to a face of a substrate 181 may also
be used. It will be appreciated that although the showerhead
171 is shown to be above the substrate 181 to direct a gas flow
downwards towards the substrate 181, alternative lateral gas
introduction schemes are possible with this embodiment.
Various lateral gas introduction schemes are described in U.S.
Publication No.: US2002/0197402A1, Publication Date:
Dec. 26, 2002, entitled “System for depositing a film by
modulated ion-induced atomic layer deposition (MII-ALD)”,
application Ser. No. 10/215,711, filed Aug. 8, 2002, which is
herein incorporated by reference.

Inthe embodiment of FIG. 1, a source of RF bias power 160
is coupled to one or more ESC electrodes 603 in a substrate
pedestal 182, which includes insulation 183, via an imped-
ance matching device 150. The ESC electrodes 603 may be of
any arbitrary shape. The RF bias power provides power for
both ion generation during modulated ion induced atomic
layer deposition and energy control of the generated ions. The
applied RF bias power is used to generate a plasma 172 in a
main process chamber 180, for example, between the sub-
strate 181 and the showerhead 171 to dissociate feed gases
110, 130 to generate ions 177 and radicals 176 and to induce
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a negative potential V. 185 (i.e., a DC offset voltage typi-
cally -10V to -80V at =150 W RF power and 0.1-1 Torr
pressure) on the substrate 181. The negative potential V ;.
185 modulates the energy of the positively charged ions in the
plasma and attracts the positively charged ions toward the
surface of the substrate. The positively charged ions impinge
on the substrate 181, driving the deposition reaction and
improving the density of the deposited film. The ion energy is
more specifically given by B=elV | +elV,,, |, where V,, is the
plasma potential (typically 10V to 20V) and V. is the nega-
tive potential V. 185 induced on the substrate 181. The
negative potential V., 185 is controlled by the applied RF
bias power. For a given process region geometry, the induced
negative potential V,, . 185 increases with increasing RF bias
power and decreases with decreasing RF bias power.

Controlling the RF bias power also controls the density and
hence the number of ions generated in the plasma. Increasing
the RF bias power generally increases the ion density, leading
to an increase in the flux of ions impinging on the substrate.
Higher RF bias powers are also required for larger substrate
diameters. A preferred power density is 0.5 W/cm?, which
equates to approximately <150 W for a 200 mm diameter
substrate. Power densities =3 W/cm? (greater than about 1000
W for a 200 mm diameter substrate) may lead to undesired
sputtering of the deposited film.

The frequency of the RF bias power can be 400 kHz, 13.56
MHz, or higher (e.g. 60 MHz, etc.). A low frequency (e.g. 400
kHz), however, can lead to a broad ion energy distribution
with high energy tails which may cause excessive sputtering.
The higher frequencies (e.g., 13.56 MHz or greater) lead to
tighter ion energy distributions with lower mean ion energies,
which is favorable for modulated ion-induced ALD deposi-
tion processes. The more uniform ion energy distribution
occurs because the RF bias polarity switches before ions can
impinge on the substrate, such that the ions see a time-aver-
aged potential.

As shown in FIG. 1, source of applied DC bias can also be
coupled to the ESC substrate pedestal 182. The source can be
a DC power supply 510 coupled by a center tap 518 to a
voltage source 525 with the ability to vary the voltage or
exhibit an infinite impedance. Optionally, a variable imped-
ance device 605 may be coupled in series between the voltage
source 525 and the center tap 518 of the DC power supply
510. The voltage source 525 is itself coupled to a waveform
generator 535. The waveform generator may be a variable-
type waveform generator. An exemplary variable-type wave-
form generator may be controlled by a control computer 195
and have a variable waveform at different times within a given
process and may additionally have a non-periodic output
signal. The source of applied DC bias can be coupled to the
ESC substrate pedestal 182 by RF blocking capacitors 601
that both provide a DC open for the DC power supply 510 and
prevent RF energy from corrupting the DC power supply 510.

In MII-ALD, the same plasma is used to generate both ions
177 (used to drive the surface reactions) and radicals 176
(used to assist in driving the surface reactions). As noted, the
second reactant is not incorporated in the film, and in some
cases, a second reactant is not necessary.

The MII-ALD system utilizes ion imparted kinetic energy
transfer rather than thermal energy (for example, ALD, radi-
cal enhanced atomic layer deposition (REALD), plasma
enhanced chemical vapor deposition (PECVD), CVD, etc.) to
drive the deposition reaction. Since temperature can be used
as a secondary control variable, with this enhancement, films
can be deposited using MII-ALD at arbitrarily low substrate
temperatures (generally less than 350° C.). In particular, films
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can be deposited at or near room temperature (that is, 25° C.)
or below. Cu, however, would be deposited at about 60° C. to
200° C., or lower.

A substantially enclosed chamber 170, as shown in FIG. 1,
is located in substantial communication with or substantially
within the main chamber body 190. The feed gases 110, 130
are delivered to the chamber 170 via valving 115 and 116, and
a gas feed line 132. Typical feed gases 130 used for ion
generation include, but are not restricted to, argon (Ar), kryp-
ton (Kr), neon (Ne), helium (He) and xenon (Xe). Typical
feed gases 110 (for example, precursor B) used for radical
generation include, but are not restricted to, gaseous hydro-
gen (H,), nitrogen (N,), and NH; vapor. The ions 177 are used
to deliver the energy needed to reduce the first adsorbed
reactant to an elemental film. The generated radicals 176, if
present, assist in the reduction of the adsorbed layer.

A first reactant 100 (for example, precursor A) is intro-
duced to the chamber 170 via valving 105 and the gas feed
line 132. Precursor A may be any one or more of a series of
gaseous compounds used for depositing metals, metal com-
pounds, or the like that are well-known in the art (for example,
RuCp (ruthenium cyclopentadiene), PDEAT (pentakis(di-
ethylamido)tantalum), PEMAT (pentakis(ethylmethyla-
mido)tantalum), TaBrs, TaCls, TBTDET (t-butylimino tris
(diethylamino)tantalum),  TiCl,, TDMAT  (tetrakis
(dimethylamido)titanium), TDEAT (tetrakis(diethylamino)
titanium), CuCl, Cupraselect® ((Trimethylvinylsilyl)
hexafluoroacetylacetonato Copper I), W(CO),, WF,, RuEt,
Cp (Di ethyl Ruthenocene), RuEtMtCp (Ethyl Methyl
Ruthenocene), and RuDER (Ruthenium Ethyl Cyclopentadi-
enyl Dimethyl Pentadienyl).

FIG. 2 depicts a sequence for an MII-ALD method incor-
porating periodic exposure of the substrate to ions. In this
method, ion exposure initiates the reduction reaction 230, and
a second gaseous reactant is not used. This figure illustrates
one embodiment of MII-ALD utilizing the apparatus
described in FIG. 1. This results in a sequential ALD process
as follows:

1) Precursor exposure 200: The substrate 181 is exposed to

a gaseous reactant 100 (for example, precursor A) for
depositing a metal film. During this step, a monolayer of
the reactant is adsorbed on the surface of the substrate.
Generally, the substrate 181 may be at a temperature
below the decomposition temperature of the gaseous
reactant.

2) First removal 210: The excess reactant 100 is removed
by evacuating 214 the chamber 180 with a vacuum pump
184. Alternatively, in another configuration, the excess
reactant is purged from the chamber. Note that prior to
the first exposure 200, the chamber was initially evacu-
ated or purged 212.

3) Reduction reaction 230: The substrate 181 is exposed to
ions 177 with the substrate 181 biased to a negative
potential V,, _ 185. The ions, (for example, argon-ion
(Ar")), will strike the wafer 181 with an energy (E)
approximately equal to (elV,,, +elV,|) where V, is the
plasma 172 potential (typically 10V to 20V)and V,,,,. is
the negative potential bias 185 induced on the substrate.
With the activation energy now primarily supplied by
ions 177 instead of thermal energy, the adsorbed reactant
is reduced to its elemental state via an ion-induced sur-
face reaction to produce a solid thin monolayer of the
desired film at a reduced substrate temperature, for
example, on the order of between about 25° C. and 400°
C. The deposition reaction is self-limiting in that the
reaction terminates after the initial monolayer of the first
reactant is consumed. The ions induce a reaction either
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in the adsorbed layer or between the adsorbed layer and
the substrate surface. The reaction time depends on the
reactive species, and different energy levels will be
required for different precursors.

4) Second removal 210: The chamber 180 may be evacu-
ated or purged 216.

5) Repeat: The desired film thickness is built up by repeat-
ing the entire process cycle (steps 1-4) many times.

As shown in FIG. 3, the technique of the present invention
may also be used with a second gaseous reactant. In this
technique, reduction reaction/ion exposure 330 begins with
the introduction of a second precursor 320. The second pre-
cursor, as noted, is not incorporated in film. Rather, it aids in
the reduction of the first precursor to its elemental state.

This technique may be used to deposit a Ru liner on a TaN
barrier layer. The TaN layer may be formed, for example, by
either the MII-ALD sequential or continuous process as
described in the above-mentioned U.S. Pat. Nos. 6,416,822
and 6,428,859. The deposition of the TaN layer may be ter-
minated with or without plasma treatment, which is used to
reduceresistivity and possible contaminants (i.e. carbon), and
surface pre-treatment. A surface pre-treatment would employ
a vapor mixture of amine-containing compounds and an inert
carrier gas, for example, Ar. Thereafter, as shown in FIG. 3, a
Ru MII-ALD process is as follows:

1) First precursor exposure 300: The substrate with the TaN
barrier layer is exposed to a vapor mixture of Ru (Pre-
cursor A) and an inert carrier gas, such as Ar. The Ru
precursor may be one of the following gaseous com-
pounds: ruthenocene [Ru(Cp),], diethyl ruthenocene
[Ru(Et)(Cp),], ethyl methyl ruthenium, ethyl cyclopen-
tadienyl dimethyl pentadienyl ruthenium, dimethyl pen-
tadienyl ruthenium or other such ruthenium compounds.
The substrate may be at a temperature of between about
200 and 415° C. The deposition of the Ru may occur in
the same chamber in which the TaN film was deposited.
Alternatively, the substrate may be transferred to a dif-
ferent chamber or module for deposition of the Ru liner.

2) First removal 310: The excess Ru precursor is evacuated
orpurged 314 from the chamber 180. If the Ru is depos-
ited in the same chamber as was the TaN, then prior to the
first exposure, the excess reactant or catalyst used in
forming the TaN layer is evacuated or purged 312 from
the chamber 180.

3) Reduction reaction 330: The substrate is simultaneously
exposed to a second gaseous reactant (radicals at 320)
and ions (at 330) with the substrate biased to a negative
potential V... The second gaseous reactant, in this pro-
cess, is NH; and the ion-generating gas is Ar. Power 160
is supplied to generate both the ions 177 and the radicals
176. The ions will strike the wafer 181 with an energy
approximately equal to (elV,,, |+elV,|) where V, is the
plasma 172 potential (typically 10V to 20V),and V. is
the negative potential bias 185 induced on the substrate.
The Ru adsorbed onto the substrate is reduced to its
elemental state via an ion-induced surface reaction to
produce a solid thin monolayer of Ru film. The gener-
ated radicals are not incorporated into the film. Rather,
they assist in the reduction of the adsorbed Ru, and they
reduce nucleation delay. The deposition reaction is self-
limiting in that the reaction terminates after the initial
monolayer of the first reactant is consumed. The ions
induce a reaction either in the adsorbed Ru layer or
between the adsorbed Ru layer and the substrate surface.

4) Second removal 310: The excess NH; and Ar are
removed by again evacuating or purging 316 the cham-
ber.

10

15

20

25

30

35

40

45

50

55

60

65

8

5) Repeat: The desired film thickness is built up by repeat-

ing the entire process cycle (Steps 1-4) many times.

The process allows for the chemisorption of the Ru precur-
sor onto the substrate, rather than physisorption of the Ru.
The process produces a smooth, conformal and continuous
film with minimal nucleation delay. The Ru film has high
purity and low resistivity. The process uses a reducing chem-
istry that does not oxidize the underlying barrier. The
adsorbed Ru precursor is reduced to elemental Ru through an
ion-induced phenomenon, that is, a surface mitigated effect
and not a plasma assisted or enhanced process. The process
improves barrier properties and adhesion of the Ru to the
underlying barrier.

Another process in accordance with the present invention
is a Cu seed deposition process at a temperature of around 65°
C. This is significantly lower than typical thermal ALD where
deposition temperatures greater than 100° C. are required.
The lower temperature provides improved film morphology
which is essential for void free fill. The process, as shown in
FIG. 4, is as follows:

1) First precursor exposure 1400: The substrate is exposed to
a Cu precursor and an inert carrier gas, such as Ar. The
substrate may be at a temperature of between about 60° C.
and 200° C., or lower.

2) Removal 1410: The excess Cu precursor and inert carrier
gas are evacuated or purged 414 from the chamber 180.
Note that prior to the first exposure 1400, the chamber was
initially evacuated or purged 412.

3) Second precursor exposure 1420: The substrate is exposed
to a second precursor or reactant such as water vapor or
isopropyl alcohol (IPA). This is an optional step. It is used
to help cleave the ligands. Thereafter, the chamber may be
purged 416 with an inert gas.

4) Reduction reaction 1430: The substrate is simultaneously
exposed to a third gaseous reactant (radicals at 1430) and
ions (at 440) with the substrate biased to a negative poten-
tial V,, ... The third gaseous reactant, in this process, may
be H, of He and the ion-generating gas is Ar. Power 160 is
supplied into the chamber 180 to generate both the ions 177
and the radicals 176. The Cu adsorbed onto the substrate is
reduced to its elemental state via an ion-induced surface
reaction to produce a solid thin monolayer of Cu film. The
generated radicals are not incorporated into the film.
Rather, they assist in the reduction of the adsorbed Cu, and
they reduce nucleation delay. The deposition reaction is
self-limiting in that the reaction terminates after the initial
monolayer of the first reactant is consumed. The ions
induce a reaction either in the adsorbed Cu layer or
between the adsorbed Cu layer and the substrate surface.

5) Removal 1410: The excess gases are removed by again
evacuating or purging 418 the chamber.

6) Repeat: the desired film thickness is built up by repeating
the entire process cycle (Steps 1-4) many times.

A variant of the method shown in FIG. 3 is illustrated in
FIG. 5 where ion exposure 530 is initiated after the second
reactant exposure 520. FIG. 5 depicts a sequence for a method
incorporating periodic exposure of the substrate 181 to ions
177. In this variant of the method, reduction reaction/ion
exposure 530 begins after the second precursor 520 ends. The
removal 510 may occur periodically, as shown by the remov-
als 512, 514, and 516.

Additional precursor gases (for example, 120, 140) may be
introduced and removed (via valving 125 and 145, and the
feed line 132) as required for a given process to create tailored
films of varying compositions or materials. As an example, an
optional exposure may occur in the case of a compound
barrier of varying composition. For example, a TaN,/Ta film
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stack is of interest in copper technology since TaN, prevents
fluorine attack from the underlying fluorinated low-k dielec-
trics, whereas the Ta promotes better adhesion and crystallo-
graphic orientation for the overlying copper seed layer. The
TaN, film may be deposited using a tantalum containing pre-
cursor (for example, TaCly, PEMAT, PDEAT, TBTDET) as
the first reactant 100 (precursor A) and a mixture of atomic
hydrogen and atomic nitrogen (that is, flowing a mixture of
H, and N, into the plasma source 172) as the second reactant
to produce a TaN,_ film. Simultaneous ion exposure is used to
drive the deposition reaction. Next a Ta film may be deposited
in a similar fashion by using atomic hydrogen (as opposed to
a mixture of atomic hydrogen and nitrogen) as the second
reactant. An example of a tailored film stack of differing
materials can be the subsequent deposition of a copper layer
over the TaN, /Ta bi-layer via the use of a copper containing
organometallic (for example, Cu(TMVS)(hfac) or (Trimeth-
ylvinylsilyl) hexafluoroacetylacetonato Copper I, also known
by the trade name CupraSelect®, available from Schumacher,
a unit of Air Products and Chemicals, Inc., 1969 Palomar
Oaks Way, Carlsbad, Calif. 92009) or inorganic precursor
(e.g. CuCl) shown as precursor C 120 in FIG. 1. The copper
layer can serve as the seed layer for subsequent electroless or
electroplating deposition.

In another embodiment of the MII-ALD process, a sub-
strate 181 heated (for example, to a low temperature of less
than or equal to 350° C.) or unheated is simultaneously
exposed to a first reactant and a second reactant and subjected
to modulated ion 177 exposure. By modulating (1) the ion
flux (that is, the number of ions hitting the substrate per unit
area per unit time); (2) the energy of the ions striking the
substrate; or a combination of (1) and (2), the deposition
reaction can be precisely toggled “on” or “off”. Since the
substrate 181 is maintained at a low substrate temperature, the
first and second reactants do not thermally react with any
appreciable rate or do not react at all when the ion flux or
energy is toggled to a “low” state. Instead, the deposition
reaction only takes place when either the ion flux or ion
energy is toggled to a suitable “high state”. lon flux or energy
modulation can vary generally from 0.1 Hz to 20 MHz or
from 0.01 KHz to 10 KHz. During deposition, the main
process chamber 180 pressure can be maintained in the range
of generally 10% to 1077 torr or from 10" to 10~* torr, depend-
ing on the chemistry involved. The desired film thickness is
attained via exposure of the substrate to the suitable number
of modulated ion flux or energy pulse cycles. This MII-ALD
scheme results in a continuous deposition process. The modu-
lation can be either of the ion flux via the plasma power or of
the ion energy via an applied periodic wafer bias.

The MII-ALD method utilizing ion flux modulation to
control the deposition cycle is illustrated conceptually in FIG.
6A, with the flux modulation scheme described more explic-
itly in FIGS. 7A and 7C. FIG. 6A depicts the MII-ALD
method utilizing constant first precursor exposure 600 and
ion flux modulation 620 to vary the substrate 181 exposure to
ions 177. Note that the second reactant 610, for example,
radicals, is synchronized with the ion flux via 620 plasma
power modulation, causing a periodic exposure of the sub-
strate to ions and radicals. Varying the power 160 delivered to
the plasma 172, as shown by line 400 in FIG. 7A and line 420
in FIG. 7C, can vary the ion flux from little or none to maxi-
mum ion production. Plasma power modulation can take the
form of variations in frequency (periodicity), magnitude, and
duty-cycle. Increasing plasma power 160 leads to increasing
plasma 172, and hence, increased ion 177 density. Since the
deposition process is ion-induced, having little or no ion
bombardment will essentially stop the deposition process,
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whereas increased ion bombardment will cause deposition to
occur. A constant wafer bias 185 (DC in FIG. 7C or RF in FIG.
7A) is applied to define the ion energy of the modulated ion
flux in this embodiment and is chosen to be sufficiently high
so that ion-induced surface reactions can occur. The constant
wafer bias 185 induces a time-averaged constant induced
voltage 405 on the substrate where an RF bias is used, as
shown in FIG. 7A, or a constant induced voltage 425 on the
substrate where a DC bias is used, as shown in FIG. 7C. Note
that in this embodiment since the plasma (either RF or micro-
wave) power 160 is used to generate both ions 177 and radi-
cals 176, the second reactant (for example, radicals) flux 610
is synchronized with the ion flux 620 pulses. The radical feed
gas 110 flow, however, does not change. Instead, the radical
flux 610 is modulated.

Alternatively, subjecting the substrate 181 to a non-con-
stant wafer voltage bias 185 can vary the incoming ion energy
at a fixed plasma power 160 (that is, ion flux).The fixed
plasma power is shown by line 410 in FIG. 7B and line 430 in
FIG. 7D. This embodiment of MII-ALD is illustrated con-
ceptually in FIG. 6B, and more explicitly in FIGS. 7B and 7D.
FIG. 6B shows the MII-ALD method utilizing constant first
precursor exposure 630 and second precursor exposure 640
(e.g., readicals) with ion energy modulation 650 to vary the
substrate 181 exposure to ions 177 by varying the substrate
bias 185. The applied bias 185 can take the form of variations
in frequency (periodicity), magnitude, and duty-cycle. A DC,
as shown in FIG. 7D, or RF (for example, 400 kHz, 2 MHz,
13.56 MHz, etc.), as shown in FIG. 7B, power supply can be
used. When the wafer potential is “low” (for example, near or
at zero with respect to ground), the incoming ions 177 do not
have enough energy to induce surface deposition reactions.
When the wafer 181 potential is “high” (for example, at a
significant negative potential relative to ground), the incom-
ing ions 177 will have the necessary energy to induce surface
deposition reactions via collision cascades. In such a fashion,
the deposition can be turned “on” or “off” by modulating the
wafer bias voltage 185 and hence the impinging ion 177
energy. Typical wafer voltages can range from generally —20
V1o -1000V, but preferably inthe =25V to =500V range, and
more preferably in the =50 V to -350 V range during depo-
sition. The bias voltage 185 is coupled to the wafer via the
pedestal 182. The bias voltage 185 induces a varying voltage
on the substrate, as shown by line 415 in FIG. 7B and line 435
in FIG. 7D. The substrate pedestal 182 may be an electrostatic
chuck (ESC) to provide efficient coupling of bias voltage to
the substrate. The ESC is situated in the main processing
chamber 180 and can be cooled via a fluid coolant (preferably
a liquid coolant) and/or heated (for example, resistively) to
manipulate the substrate temperature.

Once the deposition rate is calibrated for a particular recipe
(Angstroms/cycle), the ability to accurately determine the
film thickness by counting cycles is a further benefit of this
modulation scheme. The higher the frequency, the finer the
resolution of this critical deposition process performance
metric.

This process utilizes independent control over the three
constituents of plasma—ions, atoms, and precursors. Decou-
pling these constituents offer improved control over the depo-
sition process.

Another embodiment of a deposition system suitable for
MII-ALD is shown in FIG. 8. The MII-ALD system of FIG.
8 employs a microwave generated plasma 172 substantially
contained in the main chamber body 190 that is isolated via
the distribution showerhead 171. The plasma, in one embodi-
ment, is contained within what may be called the plasma
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source chamber 170, and the plasma is not in direct commu-
nication with a substrate or wafer 181.

Inductively coupled radio frequency (RF) (for example,
400 KHz, 2 MHz, 13.56 MHgz, etc.) power 160 can be used to
generate the plasma via solenoidal coils located within or
outside of the plasma chamber (not shown in FIG. 8). Alter-
natively, microwave (for example, generally 2.45 GHz or
higher frequencies) power is coupled to the chamber 170 via,
for example, a waveguide or coaxial cable. Microwave energy
can be more efficiently transferred to ionizing electrons, lead-
ing to higher ionization fractions. This is of particular impor-
tance in the generation of radicals 176 (that is, a chemical
fragment of a larger molecule) such as atomic hydrogen, or
any of a number of other reactive groups such as nitrogen
atoms, or NH molecules, or a combination thereof. These
radicals serve as the second reactant, if needed. Microwave or
RF power is coupled to the plasma 172 via a dielectric mate-
rial 173, which may be a dielectric window such as quartz
embedded in the chamber wall, or it may be empty space in
the case of a microwave or RF antenna located within the
plasma chamber.

In addition, the distribution showerhead 171, containing
the series or array of apertures 175 through which ions 177
and radicals 176 are delivered to the substrate 181, isolates the
main process chamber 180 from the plasma source chamber
170. A pressure drop (for example, a 5 or 10 times decrease in
pressure, with the main processing chamber 180 being at the
lower pressure) is thereby created between the chamber 170
and the main processing chamber 180 to project the ions 177
and radicals 176 to the substrate 181 via the distribution
showerhead 171. The first reactant 100 (e.g., precursor A) and
optional second reactant 120 (e.g., precursor C) may be deliv-
ered through an inlet 199 coupled directly to the main pro-
cessing chamber 180, below the distribution showerhead 171.
The chamber 170 is generally of comparable diameter to the
main chamber body 190 to enable large area exposure of the
sample. The size, aspect ratio, and distribution of the show-
erhead apertures 175 can be optimized to provide uniform
exposure to the substrate 181 and the desired ion 177 to
radical 176 ratio. The distance between this showerhead 171
and the substrate 181 may vary depending on the application.

The ion/radical distribution showerhead 171 shields the
dielectric wall 173 adjacent to the supplied RF or microwave
power 160 against being coated by precursor A during pro-
cessing which can degrade power transfer to the plasma 172.
This is of particular importance in the case of deposition of
conductors whereby if the dielectric 173 is fully exposed to
the metal containing the first reactant 100 (for example, pre-
cursor A) and if the plasma 172 was directly generated within
the main chamber 190 without the use of an isolating distri-
bution showerhead 171, then metal deposition onto the
dielectric 173 will eventually shield out RF or microwave
power 160 from the plasma 172 such that the plasma 172 will
extinguish.

The precursor gas (precursor A), in one implementation,
may be exposed to the plasma in the region between the gas
line 132 and the showerhead 171. The precursor gas may also
be exposed to the plasma in the region below the showerhead.

As discussed above, the substrate is exposed to a sequence
of discreet states. Each of the states represent a step in a
deposition cycle. The sequence of steps is repeated to produce
a film of a desired thickness. In at least one of the steps, the
substrate is exposed to a vapor containing at least one precur-
sor chemical. The precursor dose adsorbs onto the substrate.
This step is followed by an ion-induced reduction of the
adsorbed precursor layer to an elemental state.
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The plasma may be generated by microwave or RF power.
The plasma may also be generated by DC power. The excita-
tion source, in other embodiments, may be ultraviolet light,
x-rays, a high DC field, or some other form of electromag-
netic radiation.

The method of the present invention can be used to deposit
metal films, used in the semiconductor, data storage, flat panel
display, and allied as well as other industries. This present
invention allows the deposition of elemental films by a cycli-
cal deposition process directly without an oxidizing ambient
and without requiring the intermediate deposition of or con-
version to an oxide or nitride followed by the subsequent
reduction to the elemental state.

From the description of the preferred embodiments of the
process and apparatus set forth above, it is apparent to one of
ordinary skill in the art that variations and additions to the
embodiments can be made without departing from the prin-
ciples of the present invention. As an example, the deposition
can be accomplished globally, as illustrated in the preceding
embodiments, or may be chosen to be local to a controlled
area, that is, site-specific using a small, ion beam point or
broad-beam source scanned or otherwise stepped across the
substrate, exposing only a fraction of the substrate area at any
given time.

What is claimed is:

1. A method for depositing an elemental film onto a sub-
strate in a chamber comprising:

introducing a reactant gas into the chamber, the reactant

gas forming a layer of adsorbed reactant on the substrate;
introducing at least one ion generating feed gas into the
chamber;

generating a plasma from the ion generating feed gas to

form ions, wherein during generation of the plasma, a
position of the substrate and a position of the plasma do
not change relative to one another;

exposing the substrate to the ions;

varying a bias applied to the substrate to modulate the ions

between a low energy state and a high energy state,
wherein ions at the low energy state have insufficient
energy to induce surface deposition reactions with the
layer of adsorbed reactant and wherein ions at the high
energy state have sufficient energy to induce surface
deposition reactions with the layer of adsorbed reactant,
wherein the bias applied to the substrate is varied to
cause the depositing, while the plasma is generated con-
tinuously and the substrate is continuously exposed to
the ions; and

reacting the layer of adsorbed reactant with the ions at the

high energy state to form the elemental film.

2. The method of claim 1, wherein adsorption of the reac-
tant gas on the substrate occurs via chemisorption.

3. The method of claim 1, wherein the method is repeated
until the film achieves a desired thickness.

4. The method of claim 1, wherein the reacting step occurs
in a reducing environment.

5. The method of claim 1, further comprising removing the
reactant gas by evacuating or purging the chamber.

6. The method of claim 1, wherein the ion generating feed
gas is selected from a group consisting of argon, krypton,
neon, helium, and xenon.

7. The method of claim 1, wherein the generated ions are
selected from a group consisting of Ar*, Kr*, Ne*, He", and
Xe*.

8. The method of claim 1, further including maintaining the
substrate at a temperature of between about 25° C. and 400°
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C., wherein the temperature is sufficiently low such that the
layer of adsorbed reactant does not react with the ions at the
low energy state.

9. The method of claim 1, wherein the layer of adsorbed
reactant is reduced to its elemental state by an ion-induced
surface reaction.

10. The method of claim 1, wherein the reactant gas is
exposed to the substrate continuously.

11. The method of claim 1, wherein the bias applied to the
substrate is varied within a range between =20V and —1000V.

12. The method of claim 1, wherein varying the bias
applied to the substrate comprises varying at least one of a
bias frequency, magnitude and duty-cycle.

13. The method of claim 1, wherein the bias applied to the
substrate is varied within a range between =50V and -350V.

14. The method of claim 1, wherein the plasma is generated
at a constant plasma power.

15. The method of claim 1, wherein the chamber comprises
a showerhead, and wherein the plasma is generated between
the showerhead and the substrate.

16. The method of claim 1, wherein the chamber comprises
a main processing chamber, a plasma source chamber, and a
showerhead separating the main processing chamber from
the plasma source chamber, wherein the substrate is posi-
tioned in the main processing chamber, and wherein the
plasma is generated in the plasma source chamber such that
the plasma is not in direct communication with the substrate.

17. The method of claim 1, wherein the bias applied to the
substrate is varied by varying a bias applied by a power supply
to a pedestal that supports the substrate, the pedestal being
coupled to the substrate, and wherein a position of the sub-
strate and a position of the plasma do not change relative to
one another after the plasma is generated.

18. A method for depositing an elemental film onto a sub-
strate in a chamber comprising:

introducing a reactant gas into the chamber, the reactant

gas forming a layer of adsorbed reactant on the substrate;
introducing at least one ion generating feed gas into the
chamber;

introducing at least one radical generating feed gas into the

chamber;

generating a plasma from the ion generating feed gas and a

plasma from the radical generating feed gas to form ions
and radicals, wherein during generation of the plasma
from the ion generating feed gas and the plasma from the
ion generating feed gas, a position of the substrate does
not change relative to a position of the plasma from the
ion generating feed gas or relative to a position of the
plasma from the radical generating feed gas;

exposing the substrate to the ions and radicals;

varying a bias applied to the substrate to modulate the ions

between a low energy state and a high energy state,
wherein ions at the low energy state have insufficient
energy to induce surface deposition reactions with the
layer of adsorbed reactant and wherein ions at the high
energy state have sufficient energy to induce surface
deposition reactions with the layer of adsorbed reactant,
wherein the bias applied to the substrate is varied to
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cause the depositing, while the plasma is generated con-
tinuously and the substrate is continuously exposed to
the ions; and

reacting the layer of adsorbed reactant with the ions at the

high energy state and with radicals to form the elemental
film, wherein the radicals are not incorporated into the
film.

19. The method of claim 18, wherein the substrate is simul-
taneously exposed to the ions and the radicals.

20. The method of claim 18, wherein the bias is applied to
the substrate by applying a bias to a pedestal coupled to the
substrate, and wherein the substrate is biased to a negative
potential relative to ground.

21. The method of claim 18, wherein the radical generating
feed gas is selected from the group consisting of H,, N,, and
NH; vapor.

22. The method of claim 18, wherein the generated radicals
are selected from a group consisting of hydrogen atoms,
nitrogen atoms and NH molecules.

23. The method of claim 18, wherein the method is
repeated until the film achieves a desired thickness.

24. The method of claim 18, further comprising removing
the reactant gas by evacuating or purging the chamber.

25. The method of claim 18, wherein the adsorbed reactant
is reduced to its elemental state by an ion-induced surface
reaction.

26. The method of claim 18, wherein a single plasma is
generated from the ion generating feed gas and from the
radical generating feed gas to form ions and radicals.

27. A method for forming an elemental film on a substrate
comprising:

introducing a reactant gas into a chamber, the reactant gas

forming a layer of adsorbed reactant on the substrate;
introducing at least one ion generating feed gas into the
chamber;

generating a plasma from the ion generating feed gas to

form ions, wherein during generation of the plasma, a
position of the substrate and a position of the plasma do
not change relative to one another;

exposing the substrate to the ions;

varying a bias applied to the substrate to modulate the ions

between a low energy state and a high energy state,
wherein ions at the low energy state have insufficient
energy to induce surface deposition reactions with the
layer of adsorbed reactant, and wherein ions at the high
energy state have sufficient energy to induce surface
deposition reactions with the layer of adsorbed reactant,
wherein the bias applied to the substrate is varied to
cause the depositing, while the plasma is generated con-
tinuously and the substrate is continuously exposed to
the ions; and

reacting the layer of adsorbed reactant with the ions at the

high energy state to form the elemental film on the
substrate without first having formed an intermediate
film on the substrate of a composition different than that
of the layer of adsorbed reactant.
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